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TECHNICAL NOTE NO. 1312

L COMPARATIVE STUDY OF WEIGHTS AID SIZES OF
FLAT-FLATE EXHAUST-GAS-TO-ATR HEAT
EXCIANGERS WITH AND WITHOUT FINS

By Thorval Tendeland and
Charles P. Stelnmetz

SUMMARY

Analytical comperisons of woights end volumss are made for
flot~pleto hoat oxchengors having the samo czlculated thermal
output and fricticn pressure drop for threes differont fin configura—
ticns; nemely, (1)} no fins, (2) fins in both the air and the exhaust
g28 passagos, and (3) fins in the air pesseages only. Test data from
two hoat exchongors, ome of configuretion (1) and tho other of
configurstion (2) arc comparsd wita the predicted weights and
volumes. Tho thormal outpult and picssure—drop performance for
these two exchangors, as evalueted from £light end ground tosts,
z»o also prosontod.

With tho uso of fins In both ths elr end the erxhaust—ges
passagos, reductions in volums of the heat—exchanger corce of
aignificent magnitude con be obtoinsd. Woight reductions with this
fin arrangoment dupend upon the design fin efficiency end tho
thickness of tho fluld pessage geps. Tho largest roductions in woight
wore obinined with tho lowest dosign fin efficioncios investigeted,
namely TO percont, erd in oxchengors which heve a& lsrge numbor of
passagos wilth tho seme gizo air ernd exhoust—ges pessage gaps.
Roductions in woight ond volume with Tins in tho air passages
only aroc not so large as oceur with the use of fins in both
possages,
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 INTRODUCTTON

The porformconce of soveral exhaust—gos—to—olr heat exchengers
has been evelucted by ground tests made ot the Unlversity of
California (reforences 1 through 4) and by flight tests conductod
ot the Ames Aoronautical Leboratory (referonces 5 and 6). As a
rosult of these tests, the practicability of various designs of hoot
exchengors cg & source of heated alr for a thermal ice~proevention
system has been esteblished; also Important theoretical relation—
ships for predicting the porformonces of various types of heat
oxchongers have boen detormined. The purpose of the current study
is to Investigete the possibility of reducing the over—all sizo and
welight of flat-platoe—type heat oxchangere by the additioni of fins to
the surfaces. Tho flat—-plato~type heat exchonger was solocted for
Investigotion because it possesscd ecdventagos, in relation to othor
types, in size znd welght for spccified values of heat—tronsfor
rato and prossure drop.

Tho Investigntion was conducted in two perts: thooretical cnd
cxperimontal. Two reoprosentative heat exchangors were constructed
and tosted to vorify the results of the analysis. Both the
thooretical and oxporimentcl investigations worc conducted ot
fmes Aoronautical Leborotory, Moffett Field, California.

SYMBOLS

The symbols usod throughout the report aro as follows:

£ cross—sectional frec—flow aroa of heat-exchangor core, sguaro
feet
b fluid peossago width, fect

Cp gpocific hoat of fluid, Btu por pound, degrce Fahrcenholt
4 N\

Do  oquivelent or hydraulic diamotor ’\lsA/LP s Toot

d fluvid pessago gop, feot

f friction foctor for fluld flow, dimencionloss

b |
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welght rate of flﬁid flow per unlt cross—sectional arca
(w/&), pounds per hour, square foot

surface heoat—tronsfer coefficlent, Btu per hour, squars foot,
degree Fahrenheit

thermal conductivity, Btu per hour, squere foot, degres
Fahrenhoit peor font

constant or factor, diménsionloss

fiuld possage length, feot

wotted perinctcr of fluld passage, feet

no—flow dimonsion, feet

nuaber of passages for ome Tluld

stoblc pressurs, pounds per squere foob

totel pressure, pounds per square foot

prossure difference, poundé per sguerce foot

dynemic pressure or veloclty head, pounds por sguere foot

rote of heet flow, heat output or enthalpy change, Btu per
hour

Reymolds nurber (DeG/R), dimensionless
hoot—transefor—surfoce oroo, seuarc feet

static temporature, degrees Fahrenhelt

stotlc tomperature difforence, dogroes Faﬁfehheit

ebsoluts tomporeture (t + 460), degrees Frhronheit absolute
cver—cll heat—transfor coefficient based upon o unit primary

heat—trensfor—surface cron, Biu por hiour, square foot,
degroos Fahrenholt
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v velocity, feet por mocond

Ve volume of heat-oXchongor core, cuble feot

W wolght rate of fluld flow, pounds por hour

We woight of heat—exchanger core, pounds

Wy wolght of finned surfaces, pounds

v fin length, feet

y metal thickmoss, feet

n fin officioncy, dimensionless

p mass donsity, slugs ﬁer cubic foot

M absolutc viscoslity, pounds per hoﬁr, foot

V4 gpecific wolght of hoat—exchénger‘material, rounds por cubic
foot S

Stubseripts

a aly sido

ov overange conditions

c core

cf cross flow

2 bage of naturel logorithms

E expansion

F surfece friction

24 gas side

in inlot conditions

M moan

o NACA stonderd conditions
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] , plate or wall surfacos
ovt outlet conditions .

x flnmed surtecos

tost S tost conditions

- 92,8,4,5 yofor to stationas of the hest-exchanger Installation as
tested in flight:

TIEORETICAL INVESTIGATION

In ordsr to dotermins i1f rodustione in tho size and woight
of flat-plate—typs heat exchangors by the addition of fine are
possiblo, general oquationd for the performance of such heat
sXchengery must bc doveloped and exprassed in tormz of the primary
varisbles. The solutions to these gonoral equetions should provide
8 saries of chorts from which tho optimum heat—oxchanger designs
czn be selccted for certaln fixad Initial conditlons. By '
develoving such . design cherts For both finned and unfinued heat
oXxchangers, the reletive size end wolght advanteges of elther can
bo detormined for thce same initisl conditlons.

The importznt feactcr vhich detormines the weight aend volume
of an unfinnsd heet oxchanger is tho drimary heat~transfor—
surfece sroas. Roferring to figure 1, vhich is a sketch of the

simplest type of flat—platc heat exchaonger, it cen bo shown that
the weight and volumo of the core are

and
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The welght of the core as expressed by equation (1) is that of the
total flet—plate surface area, with the weight of structural
mombers, flanges, welding material, etc., neglected.

A comparison of equations (1) and (2) indicates that the
product babg, which is the area of one of the plates, is common
to both equations. By expressing the heat-transfer—surface
ares os

8 = 2 Nybgby (3)
then the product bybg is
bebg = (8/2Ng) (&)

Substituting the above value of bgbg, equations (1) end (2)
become .

Wo = (Ng/Ny) Sypry (5)
and
Vo = (Sip/eN,) (e

From equations (5) and (6) it is apparent that both core weight

and volume vary directly with the heat—tronsfer—surfece area.

Thus for the same Ffluid passage gaps and number of passages, and the
same plate metal material and thickness, both the weight and the
volume of a flat-plate heat—exchanger core can be decreased by
reducing the primary heat—transfer-—surface ares.

One method which seems likely to reduce the primary heat—
transfer surface area is to utilize finned surfaces in both the

e |
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alr and the exhaust-gas passages or in sither of the passages.

To obtain an indication of the practicability of the use of finned
surfaces to reduce the primary heat-transfer-surface area, it

is necessary to examine their effects upon the thermal ouitpubt

of the heat exchanger.

The total heat-transfer rate between the exhaust gas and alr is

Q = US Aty | | (7)

vhhere the over-all hea'b-transfer coefficient Up 1s based uwpon a

unit primsry heat-transfer-surface area » and the mean temperature
difference A'bM (from reference T7) is

(t tain) B (tsout B taoirb)

- _ (8)
1085{_ toin ,tain) /(tgout - taO’It)J

Aty =

In equation (8), the factor X of 18 used to express the variation

of the mean temperature difference between cross flow and parallel
flow. )

For glven design conditions of thermal outpub, air and
exhaust-gas flow rates, and inlet-air and exhaust-gas temperatures,
the mean temperature difference in equation (7) is constant. Thus
for the same thexrmal output, any increase in Up in equation (7),

will result in a proportional decreasge in S, +the primary heat-
transfer-surface area.

For en unfinned or all-primary heat-transfer-surface-type
heat exchanger, the over-all heat-transfer coefficient as noted in
reference 7 and neglecting the thermal resistance of the wvalls, is

N T
P = (l./hé) o (l'[ha") (9)

where

B = 0.02 (kD) (R,) (10)
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Bouation (10) is applicoble for turbulent flow of gases in round
tubos and ‘hog been. proven satisfectory for turbulent flow through
rectongular channels when an equivalent or hydrsulic diamoter is
used. With the addition of finned surfoces to both the air cnd
the exhoust—gas posstges, the expression for the over—cll heat—
trensfor coofficiont becomes

1 .
T . T
hg_{l +-[(n8x)g/81} by {1 + [(nsy ), s]}

The offects upon U, of the addition of fins to both the alr and the
oxhaust-gae passagoes nay bo lllustrated by cssuming opproximate

values for the varicbles in equations (9) end (11). For example,
asguning a ratio of effective fin area to primary surface arec

equal to 1 or (nSx/S) l, 'and ussuming equivalent values for the
surface heat—transfor coefficients in both equations, the increcse

in U, is 100 porcent. Thus for the scme thermol output, a reduc—
tion of the primory heat—~transfer—surfoce area of 50 percent

is possible

The other fin arrcngeﬁent considered is the addition of Zfins
to clther the alr or the exhoust—gas possoges. With fins in the
alr passages, the over-all heat—~transfer coefficient is

U, = _ - = (;2)

1+ 1
hg '{ha. 1+ [('st)a/S]}

and with_fins-in the exhauét—gas'rassages,

1l

Up = T 3 : (13)
By {1+ [(18g/S 1} n
Tho increoase in wilth this fin crrangoment cen 2lso be shown

by cssuning approx te values for tho varicblos in cquations (9),
(12), ~nd (13). Lssuning hy ond hg in all throo cquations oqual

to 20 ond assuning (1S./S) ='1 in oquations (12) and (13), tho
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increage in U, resulting from the addition of fins to one set of
fluid paseages 1s 34 percent. Therefore, it 1s apparent that for
the sore effective fln orea the larger decrease in the primary
heat-transfer—surfaoce arsa can be obtained by using £ins in both the
eir end ths exhaust—ges passages. Because the heat-transfer
coefficients, hg and hg, are of approximetely the same magnituds
in an exhaust—gas—to—alr heat exchenger, the effective fin ares
ghould be mode to bs of the same magnitude for both the air and

the exhaust—gas sides. For any value of effective fin area nS4,

egquoality of the terms hy {1 + [(nSg)g/S1 Tf ond.

N
hg -{l.+ [(qu)g/S ]}- will result in the largest roasslible increass
in the over—all hegt—trensfor coefficient Up.

As nay be noted from equation (3), the total primary heat—
transfer-surfece aren can bs raduced by decreasing either by,
bg, or Ng. With the use of fins and for equivalent fluid

possags gaps, decrecsing elther by, bg, or Ng rosults in an
Increase of the friction pressure drop of the heat-exchanger

core when the fluid flow retes are constant. This increase in .
Priction pressure drop is due to two ceuses; nemely, (1) increzsing
the velocity of the air or exhaust gz In the heat—exchanger core
a8 a result of decreasinz the crose—sgectional aren for flow by
decreasing elther b,, bg, or Ng, end (2) increasing the
wetted surface perimeter by adding finned surfeces and thersby
decreasing the hydrmulic diametér of the .fluid passages. The
friction pressure drop for fluid flow in rectangulcr passages may
be expressed, when aon equivalent or hydreoulic diameter 1s used,
ns follows: -

Dpp = £ % pay Ve (BL/D,) (1%)

To compensate for the increese in friction pressure drop
resulting from the addition of fins, it is necessary to increcse
the gas-passage geps, thereby increasing the no—flow dimension, in. -
As indicated by equation (2), an increase in the no-flow dimension
may also increase the volums of ths heat—exchanger core, depending
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vpon the magnitude of the decreose in b, or bg or both.
Thevefore, it appears probable that there will be an optimum gas
passeze gap at which the total core volume will bs a ninimum.

The subsequent analysis was made in order to determine this point
of minimum core welight and volume.

Families of heat exchangers of the following configurations
werc designed: (1) unfinned flat plate, (2) flat plate with fins
in both the air and the exhaust—gas passages (3} flat plete with
fins in the ailr passages only. The weights and volumes of the
finned and unfinned units wore then compared. The design condi—
tions were the same for all three heat-exchongsr configurations and
are listed as follows: '

Heat output, Btu/hr ' 250,006 250, 000
Friction pressure drcp, lb/sq £t 7.5 _‘ 10
Flow rate, lb/hr 3500 3500
Inlet. temperature, °F 59 1600
Inlst pressures, 1b/sq in. © 1h.y | 14,7

The design of the heat exchangers was accomplished by
oxpressing the relationship for over—all heat—transfor rate.
(equation (7)) and the relationships for friction pressurec
drop for both air and exhsust gos (equation (14)) in torns of
the fluld-passnge dlmensions. b and d and the number of
passages N. These relationships were then solved sirmltaneously
for expressions for the fluid-pessage dimensions in terms of ths
following veriablas:

1. DNumber of alr and exhaust—gas possages N,, Ng

2. Specific properties of the gases Xk, kg, Hos Hgs Pas Og

. Welght-flow rates 'Wﬁ, Wg

3

L. Friction pressure drops (ApF)a, (4pp)g
5. Heat output Q
6

. Moan temperature difference Aty
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The fluid passage diﬁénsions b, bg, and dg were then
deternined by assuming the number of air passages Ny and the air
paseage gap dg. Simplification of +the equations, which apply with

~ Bhe dseof fimned surfeces, was effected by the followlng assump--
tlions: '

1. The reductlon in free cross—sectionsl area for flow
in & gas passage wes negligible due to the presence of the fins.

2, The ratio of flat—plate'or wall surface srea to fin area
was 0,707.

" The gecond assumption reculis from arranging the fing in the form
of triangular corrugatlions in the gas possages, with esach side of
a ccrrugetion at An angle of 45° to the wall surfoces.

The weight of the finned surfaces in the alr passages and for
the fins in the exhaust—gas passzages was computed a3 follows:

Wr= - SiX X (15)
cos U5
Re bn, b ; Yo 7 .
Wy = —2 € x °x (16)
cos U5

The specific weight of the {ins 73 used in equations (15) and
(16) was that of steinless steel. '

The thiclmess of the fins was determined from the design fin
elfliclency and .the gas-passage gzp. The expression for fin
efficiency, as given in reference &, is

tenh ow . : .
A= e (1)
where
a =,/2h k;§;.
As may be noted from equation (17), ths varisbles in the geometric
decign of the Tins which determine their efficlency are the fin

‘length an¢ thickness. The arrengement of the fins in a fluid
pogsage established their length as '
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d

b 2 cog 459 (18)

Thus by means of equations (17) and (18) and the design fin
efficiencies, the thickness of the fins was computed., In
equetion (17) an avercge heat—itransfer coefficient of 20 Btu pesxr
hour, sqguere foot, OF and the thermsl conductivity of atainless
steel based upon o tempersture of 900 F were nssumed. These
agsunptions were found to be representative of calculated heat—
transfer coefficlents and wall temperatures for several of the heet
exchangers designed. The thermal conductivity of stainless steel
obtained from, reference 9 for a temperature of 900° F was 12.2 Btu
per hour, square foot, ©F per foot. The range of fin thicknesses
for the fin effliciencles and fluid passage gaps investigated is
specified as follows:’

1. For a fin efficiency of 70 percent, the fin thickness was
0.004 ’'inch for a O.2-inch gap, and 0,025 inch of a 0.5-inch gep.

2. For a fin efficiency of 90 percent, the fin thickness was
0.015 inch fcr o O.2-inch gap, and 0.10 inch for a 0,5-inch

gap.

The weight of the flat-plate surface area was determined by
means of equation (1). The plate materisl was assumed to be
0.032-inch—thick stainless steel. This metal thickness was chosen
as approximotely the minimum required for matlsfactory service life
and wos based on ‘past experience in flat—plate heat-exchanger
construction (reference 5)., The volumes of ‘the heat-sxchanier
cores were determined by means of equation (2).

RESULTS OF ANALYSIS

Design charts which show the dimensions of the fluid passages
for the finmed and unfimnned heat exchangers are shown in figure 2.
The dimensions of the fluid passages were determined by means of
equations (7) and (14). In these charts the passage dimensions
bas bg, and dg are plotted as & function of the alr—passage

gep 4 with the number of alr posssges as o paremster. These

chorts were used to calculate the weights and volumes of the heat—
exchanger cores. IX 1s apparent from figure 2 that, for a given

air gop and number of passages, o large reduction in b and a

small increase in by result from the addition of finnsd surfaces,
thus indicating a considerable reduction in the primary heot—transfer-.
surface area. However, an increage of the no-flow dimension for
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the finned heat exchangers i1s indicated by the larger geps of the
exhsust—gas pagssages.

Figure 3 shows o comparison of volumes between the heat
exchangers without fins and with fins in both the air and the
exhoust—gos passages. In this figurc the volumes of the heat—
exchanger cores have been plotted as a function of the air—
passage gap. To indicate possible trends, comparisons were made
for femilies of hest exchangers with 10, 15, 20, and 30 air
passages and for heat exchangers with fin efficlencises of T0, 80, amd
90 percent. Inspection of the curves lndicates that, for both the
finned and the unfinned heat exchongers, increasing the number of
alr possages Ng greetly decreases the core volume; also for a
given number of passages, a conslderable saving in the over-—all
gize or volume iz possible by the use of fins. As wculd be expescted
the smellest heat exchangers are those with the most efficient fins,
It is also noticeable that the addition of fins Increases the
optimum air—gep thicinsess end thet as the number of possages
increases the optimum alr-gzp thickness decreases for both the
finned and the unfinned heat exchangers. From Tigures 2 and 3 it
may be seen that the minimum volume of the fimmned and unfinned
heat exchangers occurs when the air and exhoust—gas passage gaps
for cach type of exchanger are the same.

Figure 4 shows comparisons between the welghts of the heat
exchangers without fine and with fins in both the zir and the exhavet—
ges posscges, It is apparent from this filgure that, wlth o small
number of fluld passages and with G0-percent efficient fins,
Aincrecses in the weight of the core results with the use of fins.
With & smell muber of fluld passages, as indicated in figure 2, tle
exhoust-gas passage geps are large as compered to the exhaust-gas
possage gaps when there are a lorge number of passages. Therefore, |
for high fin efficiencies, thicker fins must be used in the exhaust-
gas possages, thereby incressing the weight of the core. With less
efficient fins and particulerly with a large number of passages, the
use of fins results in a reduction in welight, with the maximum
reduction in welght occurring when the zir and the exhaust—ga.s
passages are of the same thickness,

Tt is of intereat to note that for the finned heat exchangers
the minimum welght and volume occurs for the same sir-passcge gap
for o given number of passages. However, for a bthermal lce~
prevention system, the heat exchanger is usually selected with
dimengions which will meet the spoce reguirements. These
dimensions mey not correspond to those of minimum weight and volume.
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For all proctical purposes, the weights of the unfinnred
heat exchangers are essentially constant as the cir-peesage gop
is varied. Reductions in welght are achieved for the unflnned
heat exchangers by increoasing the numbsr of passages. However, -
with an incrense in the number of possages the welght reduction
is not ne large aos compared with the finned units.

Pigures 5 and & are comparisons of volume and weight,
redpectively, between families of unfimmed exchangers and exchangers
with fins in the olr passeges only. These figures indicate reductions
in the volume are possible by using fine in the 2iyr passages only, but
the magnitude of the reductlons is not as large cs with fins in both
the cir and the exhaust—gas-peszages. Weight reductions are obtainable
with small clr-parsage gaps where design fin efficliencies can be
obtained by using short thin £fins which are iight. For low Tin
efficienclies and with a large number of gas possages, the reduction
in weight when using finsg in the sir passages only is not as large
ag with the cddition of fins to both the air snd the exhaust—gas
poesages. - - -

EXPERIMENTATL INVESTIGATTON

To check the design procedure used in the analysis and to
obtain comparisons with the predicted welghts and volumes, o
finned and unfinned heat exchanger were bullt and tested. A
degcription of these two hest exchangers and the experimental
technique used to evaluzte thelr performances are presented heresin.

DESCRIPTION OF EQUIPMENT AND INSTRUMERTATION

The design fesctures of .the finned end unfinned hect exchangers
were similar. Details of the two heat-exchanger cores are shown
in figures 7 through 10. Previous experience with flat—plate heat-
exchanger construction hos indiecated that the plats matericl should
be elther siecbllized stalnless steel or Inconel. For the plain
plate hoat exchenger, the plates were formed from 0.C32-inch-thick
Inconel, Spacers wsre placed in both the cir and the exhoust—gas
pasgcges of this unit to prevent the plates from worping and buckling
due to the high temperntures encountered.
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For the finned he*t exchanger, the 1ns were" shaped in ‘the
form of corrugat*ons .or egqually spaced ridges. The Tfin material
was 0.015— and 0,.032-inch—thick stoinless steel for the.alr and the
exhaust—goes fins, respectively. The plates were Fformed from O 032-
inch~thick stainless gtesl., The fins or corrugated sheetd Wwere
ploced within the gns possages cnd attached to the .plates at the .
tops and bottoms of the corrugntions. With this arrahgement each
side of a single corrugotion formed two fins; also the fins acted
o8 spccers and stiffeners, thus preventing the plates from warping.
Befors assembling the core of the heat exchanger, the plates and |
fins were thoroughly cleaned and then coated with a thin layer of
copper by & sproying process. When assembled the core was Jigged
ond. brezed 1n a controlled-atmosphere furnace. During the furnace—
brazing process same worpege of the plates in the outslde alr and
the exhaust-gas passages occurred, resulting In poor bonds between
the fins and plates in these passages. Rstouching of goms ‘of the
plate Joints was done by flame brazing. ' )

The heat exchangers were Tlight—tested on e three—plece
observation—type airplons powered by & radlal engins rated at
835 horsepower ot 3900 feet altitude. A more complete dsscription
of the airplone is given in reference 6. The unfinned heet
exchanger when lnstslled for flight tests i1s shown in figure 11.

The shrouding or hecders employed in the fllght tests
consisted of tronsitions between the round exhaust stock and
ducting, cnd the rectangular contours of the heat exchangers. The
headers used in the determinntion of core pressure drop In ground
tests consisted of straight rectangulor ducting, free from any
pressure losges other than that due to skin friction.

The instrumentation used in flight—testing the unfinned heat
exchanger and the location of the instrumentation in the test
installation ere shown in figure 12. For the flight tests of the
finned heat exchanger, the instrumentotion differed from that
shown in figure 12.in that the pressure-survey raokes and the stetic
wall orifices in the exhcust stack were not used. In these tests fhe
nonisothermal pressure drop. of -the heat exchanger was not measured.
For the tests of both heat excheongers, : -air ond exhoust—gas flow
rotes were measured with venturl meters. located downstream from the
heat exchanger. Alr temperatures-were.mecsured with two bare iron—
constantan thermocouples upstrenm, from Fhe heat exchinger ond. six
downstream, all equslly spaced across the ducting diameter.
Exhoust—gas temperatures were mensured with guodruple—shielded
thermocouples, one located upstream end one downstream from the
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heat ekchanger. The shielded thermocouples were located et the
center of the exhaust stack,

For the flight tests of tho unfinned heat cxchanger, the
total-pressure drop ecross the heat exchanger on the sir side was
measurod with two pressure survey rakos. {(Seoe fig. 13.) On the
cxhovst—gas side, tho static-prossure drop was mensurcd by moans
of tkroe static-wall orifices upstream and four static tubes down—
stream from the heat oxchanger. :Tho four 'static tubes were a part
of a pressuro—survey reke (fig. -13) used %o check the exhaust—gas—
flow rates as determined from the venturi meter.

TEST PROCEDURE

Flight testing of. the hest exchengers wes conducted to
ovaluate their thermal. performaoncos and to determine the
nonisothermal pressure drop-of the unfinned heat-exchergor coro.
Ground tests wero made to detormins the lsothormal core pregsure
drops and alsc the isothormal progsuro drop of the headers ussd in
flight—tosting tho wnfinned oxchenger.

Flight Tests

Flight tosting of the heat exchangers was conducted in level
flight at 4,000 and 15,000 feet pressure eltitudes. The exhaust—
gas--flow ratos were roguwlated by adJusting the manifold preossure
and engino speed to obtein desired weight flow ratos of epproxi—
mately 3200, 4200, and 5200 pounds por hour. However, due to tho -

imivsd capaclity of tho.ongine at 15,000 fest pressure altitude,
only the lowost flow rate off 3200 pounds por hour could be obtained.
An inlot exhaust-gas temperature of approximetely 1600° F was
obtainod by adjusting the fuel—alr ratio. The cir-flow ratc was
regulated Ly means of a valvo in the outlot—air duct. For cach
oxhaust—gas flow rate, mensuremonts wore teken at tho maximum air—
flow rate cbtainablo and at sevoral reduced air-flow rates.

- Ground Teste

Ground tosts of the unfinned hoat exchanger wore made to
determine the compononts of the isothormal pressurc drop scross the
heat—oxchangor instcllation as tested in flight.  This was accom—
plishod by tosting the heot-exchanger coro, both air end cxhaust—
gas sides, whon tquipped with the following combinctions of headors:
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1. Inlet and outlet straight headers
2. Inlet streight hoader and outlet flight header
3. Inlet flight hosdor and outlet straight header

During eacch test, air at room termpercture was drewn through the
heat exchangsr at flow rates varying from 1000 to 6000 pounds per
hour, Stotic pressures upstrean and downstrean fron the heat—
exchanger core were rwasured with statlc tubes, and air flow rates
wers measured with a venturl meter. All mwasured static—pressure
drops were corrected for area differences in those tests in which
the rmeasurerments were nade in ducting of unequal cross—-sectional
area. The pressure drop of the heat—exchznger core was obtained
when the hest exchanger was bested with both streight headers,
since the corponsnt of pressure drop contributed by the stralght
headsrs wes calculated and found to be nmegligible. The pressure
drop of a flight header was determinsd by subitracting the pressure
drop of the core from the measured pressure drop of the heat
exchanger when equipped with a single flight header. As a check
of the suri of the component pressure drops, the heat exchenger was
tested when equipped with both flight headers. Ground tests of the
finned heat exchanger consisted of neasuring the pressure drop of
the core when equipped with straight inlet and ocutlet headers on
ths air and the exhaust-gas sldes.

PRECISION OF MEASUREMENTS

‘The venturl meters used to mensure the exhaust—gas and the eir
flow ratss wers calibrated ageinet a sharp-sdged orifice, A
comperison of flow retes as measursd by the venturi meters and
preasure—survey rekes indicated agresnent within ¥6 and %5 percent
.Por the exhaust—ges and air flow rates, respectlvely.

The inlet-air termperature was nmezsured by means of two bare
iron—constzntan thermocouples which indiceted temperatures within
2C F and 3° F of the stendord fres—eir terperature installation.

The outlet-sir tempersture was taken es the arithrotical averags
of the temporctures as indiccted by the six bere iron-constanten
thermocouplss. Radiation érrors in the thermocouple readings were
reduced by lagging the ductling with l/h—inch asbestos. It is estimated
the maximm error in determining the averoge outlet-eir tenperature
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was £#10° F. The exhaust—aas tomperatures were measured at the
conter of the exheust stack. Radiation errors wers minimizod by
using quadruvple-shielded ihernocouples and by legging tho exhoust
stock with 1/4—inch asbestos. It is estimated the maximum orror in
detormining the average exhaust-ges tomperature was +30° F. The
measured air and exhaust-gas temperatures wore not correctzd for
~iiabotic temperature risos, since the velocities at the points ‘of
measurcment were not large.

For the flight tests, the cversge tolsl pressure at a station
on the air glde was tho arithmetical mean of the total-pressure
measurerwnts. BSince the multicell manomaters used to record
praspure measuroments wers calibrated, the error in the use of tho
instruments wos principelly that of recding the film records. It
is astimoted that the mexirum error in the nonlsothermel pressuro--
drop moasurements wns *1.5 pounds per squere foot. For the ground
toste, micromencretors were used in the pressure rwasurements. It
is believed the error in the Isothermal pressure-drop measurenients
was smaell.

Basoed upon considsration of the accurccey of msasurements, 1t
1s estimated the maxinmum error in determining the thermal outputs
of the heat exchangers was 8 percent.

EXPERTMENTAL EESULTS

The volumes end weights of the finnod and the unfinned heat
exchangers, which were buillt and testod, are shown in figures 3(c)
end 4(c), respectively. The thormal performances of the two
exchangers o8 evaluatad fron the alr—side enthalpy chonge together
with the predlcted thormal output of the unfinned heat exchangor ars
shown in figure 1l4. The thermal outputs of the two heat exchangors
ag avaluated from test data were corroctsd to equivelent initial
tomperaturs conditions by the -method given in the cppendix.
Nonisothormal pressuro~drop dote for the unfinned heat vxchangor
o8 measurad in flight ond vhen vreduced to NACA standard conditions
of temperature and pressure srs shown in figures 15 and 16.
Predicted isotherrmal presssurdé drops and test data for both heat
exchengers arc comparad at standard conditions in figure 17. Thoe
nethod of reducing ths preossure-drop deta to sbanderd conditions is
given in the sppendix. :
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DISCUSSION

The volures of the finned and the unfimnesd heat-oxchahger cores
as noted in figure 3(c) were calculated as the product of by, bg,
and 1_. These volumes were.used in preference to those determinsd
fron tﬁb measured over—ell dimensions due to the effects of construc—
tion features upon the over—all dimensions. These feabures, namely,
the protrusions of the flenges from the plates, are characteristic
of this heat-exchangsr design end have no particular effect upon -
the heat—trensfer or pressure~drop performonceSa :

Fran inspection of figure 3(c) it may be noted that the volune
of the heat exchanger with finnsd surfaces is higher than the
predicted velue. In fabricating the fins, allowances for redil
t0 bend the fins in the form of corrugations were necessary and,
a8 & result, the ratio of fin aree to primary heat—transfer—
surface aree was legs than the degign ratio of 1/0.707. To
compensate for this reduction in fin asrea, the primary heat—transfer
area was increscsed by increasing the dlmensions bg and bg. This
increase in ba end by also compensated for the reduction in
free cross—sectionsl areas of the gas passages dus to the presence
of the fins. Thus, with an increase of two of the dimensions of
the heat exchanger, the resulting volume wes larger than predicted.

The weights of the cores of the finnsd and unfinned heat
exchangers, es noted in figure 4(c), were bi-1/2 pounds and 49-1/2
pounds, respectively. The magnitude of the reduction in weight with
the use of fins compares favorably with the predicted values of
26 and 3CL1/2 pounds. However, this agreement may be fortultous
since the predictions are based only on the welght of the flat-
plate—surface treas plus the weight of the fins for the finned unit.
The woights of the completed cores included the additional welght
of flanges, spacers, brazing naterial, etc.

To compasrs the thermel outputs at equivalent test conditions,
211 data were corrscted to an initial air to exhausi-gas tempera—
ture difference of 1500° F. This temporaturs difference was chosen
since 1t approximates the test conditions of this investigaetion end
those encountered by a heat exchanger in a thermel ice~-prevortion
systen. Inspsction of figure 1l shows good agreerent between the .
thermal perforrances of the two heat exchangsrs. The thermal outpub
of approximetely 245,000 Btu per hour at air and exhaust—ges flow
rates of 3500 end 3250 pounds per hour, rospectively, compares
Pavorably with the design output of 250,000 Btu per hour. The
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deslgn output was based upon an alr and exhoust-gas flow rate of
3500 pounds per hour and an initlal air—exhaust-gae~terperaturs
difference .of 1541° ¥,

The pressure—drop performances of the two heat ekchangers
were campared on the basis of the statlc—prossire drop across the
heat—oxchanger coree at tempercture and pressurs conditions which
correspond to NACA standard sea-level atmosphers. In isothermal
flow, static-pressure drop is approximately equivalent to total—
pressure drop whon measured at gtations of equal area, if the
velocity distribution across the two stations is postulated to be
the same. The method of reducing the measured isothermal end
nonisotherral pressure—drop dato to stendard conditions, es shown
in the eppsndix, is substantiated bv the data ‘presented in figures
15 and 16. .

The predicted isgothermal pressure drops for both heat exchengers
as shown in figure 17 include the friction pressure drops and the
expansion pressure drops at the outlets of the cores. The entrance
losses were assumed negligible, since the entry into the individual
poesages was smooth end well rounded. Inspection of figure 17
indicates that the prodicted and exporimental pressure drop for
the finned heat exchanger are slightly lower than the corresponding
pressure drops for the unfinned unit. This 1s due to the lower
expangion pressure losses at the outlet of the filuid passages for
the finned unit. '

CONCLUSIONS

Bagad upon the corparative weights and volumes of fanilies
of finned and unfinned flat—plate~type heat exchangers, designed
for squivalent heat—transfer and friction-~pressure drop perforir-
ances, it is concluded:

l. A cOnsiderable reduction in over—all aize or volure
results with the use of fins in'both the air end the exhaust-gas )
pagsages. The largest reductions in volume occur with the use of
fins with high efficlencies. For the two heat exchangers dbuilt, the
volure of the finned unit was approxinetoly 18 porcent less than ‘thy
unfinned unit,

2. The reduction in weight with the use of fins in both the
alr and the exhausi-gas passages depends upon the design efficiency
of the fins and the dimensions of the fluid passage gaps. The
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largest reductions in weight were obtained with the lowest design
fin efficiencles investigated, nansly 70 percent, and in exchangers
which have a large nurber of passages with the same slze alr and
exhaust—gas paseage gaps. For a heat exchangsr constructed with
fing of TO-percent design efficiency, the reduction in weight
compared to an unfinned unlt was approximately 10 percent.

3. With fins in the air passages only, the reduction in volume
is not as large as corpared to units with fins in both the air and
tho exhaust-gas passeges. Welght reductions with this fin arrange—
ment are obtainable in units with small elr-passage gaps.

Anes Asronautical Laboratory,
Nationsl Advisory Cormittee for Aeronautlcs,
Moffett Field, Calif,, April 21, 1947.
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LPPENDIX
REDUCTION OF DATA TC EQUIVALENT CONDITIONS OF TEMPER,IURES AND PRESSURE

Recluction_bf Thormal Data I

The correctlon appliecd to the thormal outputs of the hest
exchengers wag determined from the over—all heat~lransfer rats
which, expressed in the notztion used in this report, is

Q = UpS Aty ' (19)
oxr

Bg ot %, t
Q = UpS Kor (“gip—-rein)— (“out — “Bout) (20)
Logoe[(tgin~tain) /(tgout—taout) ]

Dotermining tagyt and ‘tgoyt from enthalpy changes on the eir
end exhaust—gas sides

taout (aMacpa) + tain

and
tgous = tein — (Q/Wgopg)

With these values of ‘tggyt and tgeuy, oguation (20), whon
roduced, thon becomes

_ Wng We_cp > { 1 }
Q = (tgyp~tain) ( FaCpa M gtpa ,UpS ch[(l/wgcpg)+(lfwacpa)]

(21)
It may be noted from this expression that the thormal output ot
constant alr and cxhaust—gas flow rates 1s a function of

tgin~tain, Cpgs Cpar ond Up. Because cCpg, Cpas end Up vary
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only slightly with temperature, the thermal output veries lincarly
with tgi,~tajn. Hence, the correction to reduce the thermal

output to stendard inlet~tempersture conditions is

(tgin tain)p
= 22
Qo _Qt@Stf(tg¢n t&in) " ] (22)

Reduction of Isothermal Pressure-Drop Duta

The isothermal pressure drop of the heat~exchenger core at
standard NACA conditions of teormperature and pressure may be
eXpressed as

(bpo), = (2op), + (awg), (23)

In equation (23) the hoat—exchanger core-entrance loss was assumed
negligible since the entry into the individual air and. exhaust~gas
passages was smooth and well rounded. Correlating (APF)O. and

(ApE)O with the corresponding pressure drops at test conditions

[f q¢ (4L/Dg)1
(APF)O = (APF)test LT qcc(ll-L/T)e? ]'b:s'b } ' (24)

[(1X)2q. 1, 1

(em), = (00m) 0| TTEas Ty, |

where K in equation (25) is the retio of the cross—sectional free
area of the core to the area of the outlet hoader. With those
values of (4pg) o and (&py) o ©quation (23), when reduced, then

becomes

(25)

(295), = (4pg) ( "test\ (Tmt)" " 4 (eop) (-i@t) (eé
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The temperature correction (To/Tiest)C**® which applies to the

friction pressure drop, corrects for changes in friction factor

with Reynolds number. Neglecting this correctlon remzults in only a
small error, gince the isothermal tesis were run at room tempercture,
znd simplifleg the reduction of iscothermal pressure—~drop data to
merely a denslty corrsction, or

(APG)O = (Apc)test <EL%§JZ> (27)

Reduction of Nonilsothermsl Pressure-Drop Date

Referring to the stations shown in figure 12, the alr-side
nonisgothermel total preassure drop of ths heat—exchanger core was
determined from the meagured totel-pressure drop of the heat—
oxchanger installation as follows:

(8pc)p = (80)1-6 — Kinlas) — Kous(ds) — (Apr)s_g (28)

The inlet flight-header pressure drop Kin(qs) end the outlet
flight~header pressure drop_ Kbut(qs) were evaluated by means of

ground tosts. The coefficients Kin end Xout are the ratio of

the flight-header pressurc drop to the velocity head at the inlet
and outlet of the heat—exchanger core, vespoctively. The friction
pressure drop (A@F)s—a in the ducting downstream from the heat

exchanger was calculated.

From the nonisothsrmal total-pressure drop of the heat—
exchanger core, ' ‘

fop + oy = (Bpg)y = (gg=g2) (29)

where (a—dp is the momentum pressure'ﬁrop. In order to apply
the propor corrections the maognitudes of App and App must be

known. The proportional distribution of the sum App + App
into its components was detormined fram the analybicel predictions
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-

.":‘b'f the'ﬁonisot}iemzl pressure drop of the core. The totel pressurs
drop of the core at NACA standard conditions of temperature and
Pressure ls then

_ /o p \O-13 B /o
(s20), = (o) (282)(r2) * + (con,{2) (30)

The method of evaoluating and reducing the static—pressure drop
of the heat-exchanger core on the oxheust—gas sids was similar to
" that used on the alr side. The differencos in the two methods were
(1} in d.e'bermining the stutic—pressure drop of the core, corrsctions
were necessary to adjust for arca differences botween the heat—
exchanger core and the stations at which the measurements were taken;
(2) tho change in pressurc due to a change in momentum on the
oxhaust-gns side was 9(qs—q )} as compared To ;- g, on the air
sido. .

In figures 15 end 16 ars prosented the nonisothermal pressurc—
drop data for the unfinned heat excha.ngc?' a3 moeasured in flight and
when reduced to sbandard conditions of tempoerature end pressure,

A compdrison aldo is mede in figure 16 betwoen those dete et
stendard conditions end the moasured isothermal pressure drop. The
agreement betweon these two sots of data is falr with some scatter
on tho cir side at the lower air flow rates. However, the agroe—
ment doos indicate the method of reducing the nonisotherm=l pressure—
drop date is satisfactory. By eliminabing the effects of tompers-—
ture end pressure with verious test conditions, this comparison:
illustrates that the basic pressure—drop measurement, 1o cateblish
the pressu¥e drop performance, is tho isothermal total pressurs drop
across the heat—exchangsr core. K This conclusion is further
substantiated after exemining the components of tho nonisothermal
pressure drop, which, on the eir side, may be exprosscd as

o \/Tay \° 1 O\, o
(22,) tost = (APB) @(ﬁ?) + (Lpp) | {\;,f>+ (a5-az) .(31)

The change in pressure ga—dp due to en incressc in momontux of

the fluld is, not necesparily = tota_ly irrecoverzblc pressurc loss.
This pressurs drop mey be partiall recovered, deponding upon the
drop in tomperature of the fluid in the systom a.f‘te1~ the hcat
exchanger. On the cxhaust—gas side, theo change in pressure dvwe to

a decrease in momentum of the fluild resuwlie in o decrease In prossure
drop. The density correctidns which epply to (A_pF)O- ond ('\pE)O

’,
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are those due to varlations in temperature of the fluid through the
core and ‘changes in pressure with altitude. Isothermal total—
pregsure drop at stendard conditions represents skin friction,
expansion, contraction, or turning losses at & standard temperature
and pressure, and are irrecoverable losses.
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Figure 8.- Unfinned heat-exchanger core.
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(b) Three-quarter end view,

Figure 10,- Finned heat-exchanger core.

End view.
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(b) Three-quarter rear view.

Figure 11.- Heat-exchanger installation for flight tests.
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